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Abstract

Ideally, nitric oxide (NO) production pathways would be measured individually to understand the formation
mechanisms at a fundamental level. Unfortunately, the four production routes in hydrocarbon combustion
cannot be fully decoupled. Hydrogen combustion at low flame temperatures eliminates prompt-NO and
mitigates thermal production, such that only the N,O and NNH pathways remain as significant production
routes. The H,/O, system, whose base chemistry has been studied in great detail, offers an excellent platform
to validate nitrogen chemistry by limiting the possibility of error propagation during model calibration. The
current work presents measurements of velocity, temperature, and NO concentration in premixed, jet-wall
stagnation, hydrogen—air flames at atmospheric pressure, diluted with argon to maintain adiabatic flame
temperatures below 1800 K. Measurements of reference flame speeds, S, ;.r, obtained with particle tracking
velocimetry, highlight the modeling differences in H,/O, chemistry from a selection of thermochemical
mechanisms, especially in lean flames affected by preferential diffusion. Laser induced fluorescence mea-
surements in lean-to-rich flames (¢ = 0.7-1.5) yield concentrations of NO from 2 to 0.5 ppm, respectively.
Simulated NO profiles cover one order of magnitude in predicted signal intensity. Fortunately, recent
mechanisms with accurate descriptions of the N,O and NNH pathways predict NO concentrations within
experimental uncertainties for multiple operating conditions.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Engine manufacturers must actively develop
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minimize the formation of nitric oxide through
the dominant thermal (Zel'dovich) pathway, lean,
premixed configurations have emerged and are able
to achieve sub—10 ppm emission levels [1]. In these
conditions, the formation via the prompt, N,O, and
NNH routes is expected to contribute significantly
to emissions [2]. The fundamental understanding
of these chemical pathways is not as well devel-
oped as for thermal NO production and sensitizing
experiments to single out each formation route is
difficult, if not impossible, in hydrocarbon fuels.

As a carbon-free fuel, hydrogen has the advan-
tage of having only three NO production chan-
nels: thermal, N,O, and NNH [3]. By controlling
flame temperatures with dilution, it is also possi-
ble to mitigate the formation through the thermal
pathway, leaving only two active formation routes.
Few experimental campaigns, however, focused on
pure hydrogen flames. Quantitative NO measure-
ments were performed in low-pressure McKenna
burners with H,/N,O [4] and to provide evidence
of the NNH production route [5], and in counter-
flow flames with various diluents [6]. In summary,
only a handful of data sets with hydrogen has been
obtained to provide fundamental understanding of
the NO, formation mechanisms in flames of the
simplest fuel [3,7].

A detailed and precise understanding of the
H,/O, system is essential in combustion science.
This rather “simple” chemistry has received re-
peated interest from the community to capture spe-
cific reaction rates with increasing accuracy and to
reduce uncertainty [8]. It provides an ideal platform
to validate nitrogen chemistry with minimal error
propagation from the core chemistry to quantify
prediction uncertainty [9] and constrain mecha-
nisms to finally develop predictive models [10].

The current paper provides a new independent
set of experimental measurements for velocity,
temperature, and NO concentration in premixed,
jet-wall stagnation, hydrogen—air flames from
lean to rich equivalence ratios. The mixtures are
diluted with argon to maintain adiabatic flame
temperatures below 1800 K. The accuracy of ther-
mochemical mechanisms to predict flame reactivity
and NO formation is assessed for various models
and reaction pathway analyses (RPA) estimate
the relative contribution from the NNH and N,O
routes. Detailed boundary conditions are provided
to allow for accurate flame simulations, such that
the data can be used as validation targets in model
development.

2. Jet-wall stagnation flame experimental facility

The experiments are performed in a high-
pressure laminar flame facility [2,11] under atmo-
spheric pressure. A jet-wall stagnation burner is
used to obtain compact, stable, and lifted flames
that are minimally affected by the boundary condi-
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Fig. 1. Jet-wall stagnation burner with a hydrogen flame.

tions, and allow for non-intrusive laser diagnostics
for measurements of reactivity, temperature, and
concentrations.

The burner, shown in Fig. 1 with a hydrogen
flame captured with varying exposure time, is cen-
tered in an enclosure equipped with two pairs of
sapphire glass windows to allow laser-based diag-
nostics. The diluted combustible mixture exits the
inner nozzle with a throat diameter of 10.2 mm
and impinges on a water-cooled stagnation surface
~ 9 mm downstream of the nozzle. The flame stabi-
lizes at the location where the flow velocity matches
its stretched flame speed. The position is moni-
tored throughout the experiment with ultraviolet
chemiluminescence to ensure flame stability. The
temperatures of the inlet mixture and the stagna-
tion surface are monitored with K-type thermocou-
ples, and the plate temperature is maintained be-
low ~425 K to avoid surface reactions. Thermal
mass flow controllers, calibrated with a dry-piston
calibrator, control the fuel, air, argon, and nitrogen
flows.

Experimental boundary conditions are reported
in the Supplemental Material for all mixtures stud-
ied. Velocity boundary conditions are extracted
from a least-squares parabolic fit in the cold flow re-
gion upstream of the flame measured with particle
tracking velocimetry described in Section 2.1. Sim-
ulations are performed with Cantera 2.4 [12] using
the multi-component formulation for species trans-
port, as well as radiative heat losses. The Soret ef-
fect, necessary in lean hydrogen flames [13], is in-
cluded. Solutions are converged to absolute and
relative tolerances of 10~° and 107, respectively.
The computational grid is refined to obtain gradi-
ent and curvature parameters of 0.03, resulting in
solutions with ~ 450 grid points.

2.1. Particle tracking velocimetry

Two-dimensional (2D) Particle Tracking Ve-
locimetry (PTV) is used to measure axial and
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Fig. 2. Particle tracking velocimetry for (a) a single expo-
sure and (b) the assembled 2D field. Streak and velocity
vector densities are reduced for readability.

radial velocity fields. Details on the experimental
setup can be found in [2,11]. The beam produced
by a diode pumped, dual cavity, high-repetition
rate Nd:YLF laser is horizontally compressed by
borosilicate glass lenses. Refractory 1 pm alumina
particles are seeded in the combustible mixture and
illuminated by the thin (~ 1 mm) laser sheet cen-
tered above the nozzle centerline axis. The laser fre-
quency is adjusted for each experiment (6-12 kHz)
to maximize resolution in the cold flow region. The
scattered light is focused on a 14-bit monochrome
CCD camera. Several irradiation events are ac-
quired on single images resulting in streaks of dots
analogous to streamlines (Fig. 2a). A second-order
accurate, central finite difference scheme calculates
the particle velocity, u,, from the particle location
spatially calibrated with a dotted target (Thorlabs
R2L2S3P3) [11]. Hundreds of streaks are accu-
mulated to obtain 2D velocity fields (Fig. 2b).
One-dimensional (1D) velocity profiles are then
extracted from data in the vicinity of the centerline
axis. Direct comparisons between measurements
and simulations are made possible through sim-
ulated PTV [14]. Newton’s second law, including
particle lag due to thermophoretic forces and iner-
tia, is applied to a virtual particle seeded in the flow
to recover its trajectory. The expected PTV velocity
is then calculated with the same second-order
scheme used in the experimental data processing.

2.2. Planar NO laser-induced fluorescence

Two-dimensional, planar laser-induced fluores-
cence (LIF) is used to measure NO concentration
with the setup presented in detail in [2,15]. The
beam produced by a Nd: YAG-pumped wavelength
tunable dye laser filled with a solution of Coumarin
450 dye is passed through a frequency doubling
crystal before fused-silica lenses collimated it into
a ~9 mm tall, ~1 mm wide, sheet aligned above
the nozzle centerline axis. The online laser wave-

length, Aoy, is adjusted to ~226.03 nm in the A-X
(0,0) electronic system of NO which contains the
P1(235), Q] + P2|(145), and Qz + R12(205) tran-
sitions. Offline signals are obtained at a theoretical
absorption minimum located at ~226.05 nm
to subtract interfering O,-LIF signals. The flu-
orescence signal is collected by an ultraviolet,
achromatic lens equipped with a long-pass filter.
Images are captured with a monochromatic, 12-bit,
intensified CCD camera illuminated during a 50 ns
gate time to minimize flame chemiluminescence.
Signal-to-noise is increased by binning 4 (ver-
tically) and 8 (horizontally) pixels to achieve a
resolution of 0.105 mm/pixel axially, and accumu-
lating 20 exposures on the ICCD before readout
to allow measurements of sub—ppm concentration
levels.

Experimental online, offline, and background
signals, Son, Sor, and Spekg, respectively, are ob-
tained by averaging 500 images for the LIF sig-
nals and 100 for the background resulting in 10,000
laser irradiation events and 2,000 background ex-
posures. The NO signal is obtained using Eq. (1) by
subtracting the measured signals normalized by the
laser energy, E1, obtained by integrating the laser
pulse power profile measured by a photodiode with
an oscilloscope. Signals are also corrected for spa-
tial variation in the laser sheet intensity using an
averaged LIF image collected in a cold flow with
a constant amount of NO seeded in an inert mix-
ture of Ar and N,. One-dimensional profiles are ex-
tracted by averaging 20 pixels radially (~ 4.2 mm)
to increase signal-to-noise ratio at each axial
location.

SNO = (Son - Sbckg) - (Soff - Sbckg) X EL,on/EL,otf
(M
For weak laser irradiation, the resulting NO—
LIF signal in the linear regime is described by
Sno

= Copt - fLir(fs, A, Ave, ', Aa1, Bia, Oa1)
L

X 1\ » 2
where the calibration constant C,, accounts for
the transmissivity and the characteristics of the
optical detection system, fijr is the number of
emitted photons per number of NO molecules and
laser energy, and ny,(T, P, Xno) is the number
density of NO molecules. The LIF signal described
by absorption and emission processes is a function
of the Boltzmann fraction f5(7) of NO molecules
excited by the laser, the excitation wavelength A, the
spectral width of the laser Avy, the dimensionless
overlap I', the Einstein constant of absorption
Aj,, the rate constant of emission B,;, and the
rate of collisional quenching ,;. Limitations
in the available species (N, O,, H,O, CO,, CO,
CHy,4, and Ar) prevent the use of readily available
detailed LIF models used in [2,16] for hydrogen—
air flames as non-negligible concentrations of H
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and OH species affect the effective cross-section
for collisional quenching [17]. The two-level LIF
model of Eq. (3) [16] is implemented to generate
computational signals where ¢ is the speed of light
and Q»; is evaluated from Tamura et al. [18].

Sno By, fsI' Ay .
=—"——————"\o
CoptEL ¢ Avp Ay + On

3)

Calibration of the optical constant, Cp, de-
tailed in Supplemental Material, is performed sim-
ilarly to [16,19] with a known amount of seeded
NO in the reactant stream (5, 10, and 15 ppm)
in the leanest flame (¢ = 0.7). Under the assump-
tion that, in this low-temperature lean condition,
there is no reburn or recombination of NO species,
the subtraction of the experimental unseeded flu-
orescence signal from the seeded one yields a net
intensity that is a function of the known, non-
reacting, NO seeding. With known boundary con-
ditions, this methodology is reproduced numeri-
cally using Cantera and the two-level LIF model to
obtain a net numerical profile minimally affected
by the choice of nitrogen chemistry, provided that
the base chemistry adequately captures the reactiv-
ity and thermochemistry. The calibration constant,
Copt, 18 then calculated using a least-square mini-
mization between the net experimental and numer-
ical profiles in the entire post-flame region, from
the flame front until the thermal boundary layer
near the water-cooled stagnation surface. The av-
eraged C,p obtained from the calibration of the
three seeded mixtures is used to quantify the mea-
surements.

Direct comparison of measured and simulated
1D profiles is performed using the methodology
suggested by Connelly et al. [20] to minimize the
uncertainty in experimental data introduced by as-
sumptions in temperature and species concentra-
tion fields. Numerical LIF signals generated with
complete laminar stagnation flame solutions are
compared directly with relatively raw experimental
measurements with an uncertainty of ~20% that
accounts for spatial calibration, fluctuations in sig-
nal intensity and laser energy, and Copy.

2.3. Multi-line NO-LIF thermometry

The A-X(0,0) electronic system is used to max-
imize temperature sensitivity while minimizing in-
terfering signals. The scan ranges from 225.13 nm
to 225.19 nm similarly to [16] with a spectral
resolution of 0.61 pm and covers 7 rotational
transitions blended into 4 temperature-dependent
features. Signals are averaged for 50 images at
each wavelength, and corrected for laser pulse en-
ergy. Approximately 500 ppm of NO is seeded
in the flames to monitor temperature through
the entire domain. Unseeded scans are sub-
tracted to remove background noise and interfering
signals.

The 1D signal is obtained by averaging a few
pixels across the centerline at each axial and spec-
tral location. Experimental excitation spectra for
NO emission intensity are assembled for the range
of wavelengths studied and compared to numer-
ical spectra obtained with LIFBase [21]. A non-
linear least-square fitting procedure minimizes the
difference between the experimental and numeri-
cal profiles to determine the gas temperature [15].
Good agreement between fitted and experimental
excitation profiles was shown with an uncertainty in
temperature measurements of approximately 4 5%
[22].

3. Results and discussion

A summary of the experimental results is
shown in Fig. 3 for lean (¢ = 0.7), stoichiomet-
ric (¢ = 1.0), and rich (¢ = 1.5) cases with veloc-
ity, temperature, and NO-LIF profiles presented
from top to bottom. Direct comparisons with five
thermochemical mechanisms assess their capabil-
ity to accurately capture the reactivity and NO
formation. Mechanisms including hydrocarbon
chemistry have been reduced to contain species
composed only of H/N/O atoms and inert gases.
The mechanisms considered are: (1) the GRI mech-
anism 3.0 (GRI) [23]; (2) the San Diego 2016 (SD)
mechanism [24] including the updated 2018 nitro-
gen chemistry; (3) the Chemical Reaction Engineer-
ing and Chemical Kinetics laboratory (CRECK)
model v1412 [25]; (4) a recently assembled ver-
sion of the National University of Ireland Gal-
way (NUIG) mechanism [26] for high-temperature
chemistry with the nitrogen chemistry of Glarborg
et al. [3]; (5) the most recent hydrogen mecha-
nism by Konnov (KON) [27] which incorporates
chemically termolecular reactions and updates in
transport properties, but does not include nitro-
gen chemistry. To isolate the effects of the nitrogen
chemistry, Fig. 3(j-1) presents simulation results for
mechanisms assembled from the base chemistry of
the NUIG mechanism and the nitrogen chemistry
of GRI, SD, and CRECK.

Particle velocity profiles (Fig. 3a—c) capture
the expected behavior with the flow decelerating
from the inlet before rapidly accelerating through
the flame front and decelerating as it impinges on
the stagnation surface located at z =0 mm. The
stability of the hydrogen flames is confirmed by the
PTV measurements, as shown by the sharp flame
front. Significant discrepancy is observed between
mechanisms, especially in lean conditions, where
the Soret effect greatly affects species transport.
Predictions of the reference flame speed, S, rer,
defined as the velocity minimum upstream of the
flame, vary by as much as 20% between models.
For all flames, the NUIG mechanism agrees well
with measurements, slightly over-predicting the ve-
locity of richer flames. The remaining mechanisms
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Fig. 3. Particle velocity, temperature, and NO-LIF signal profiles for lean (¢ = 0.7 —left), stoichiometric (¢ = 1.0 —center),
and rich (¢ = 1.5 — right) cases. Thermochemical mechanisms are: GRI (magenta), SD (blue), CRECK (green), NUIG
(orange), and KON (red). Predictions for nominal mechanisms are given by solid lines. Dashed lines denote results obtained
for mechanisms assembled from the NUIG base chemistry with the nitrogen chemistry from the remaining mechanisms

presented here.

systematically under-predict the reactivity of the
mixtures.

Temperature profiles (Fig. 3d-f) capture the
sharp increase at the flame front and the cool-
ing near the stagnation surface. Simulated pro-
files show good agreement amongst them and with
experimental data, indicating an adequate defini-
tion of the thermodynamic properties to capture
flame temperature within experimental uncertain-
ties. Measurements in lean-to-rich flames confirm
that flame temperatures are slightly below the ex-
pected adiabatic temperature of 1800 K, ranging
from ~ 1725 K-1785 K, which is expected to min-
imize the formation of NO through the thermal
pathway.

NO-LIF intensity profiles normalized by laser
energy and C,p (Fig. 3g-1) exhibit a sharp increase
in concentration at the flame front with a rela-
tively small formation in the post flame region
for leaner conditions, as expected from the flame
temperatures. With no prompt-NO produced with
hydrogen, the formation observed in the flame front
is, therefore, a result of the NNH and N,O path-

ways. The sharp peak in signal intensity near the
stagnation surface is attributed to the increase in
number density near the cooled plate before nitric
oxide is consumed. Estimates in ppm, valid up-
stream of the stagnation-surface thermal boundary
layer, are provided to facilitate comparison. The
calibration of C,p is performed with the NUIG
mechanism that exhibits the best overall agreement
with velocity and temperature measurements. A
validation of the methodology is performed with
GRI to ensure that the calculation of Coy is robust
to the choice of mechanism. Calculated values
with each model are within 1%, well inside the
experimental uncertainty.

Significant discrepancies between nominal
model predictions and measurements are observed
in Fig. 3(g-i) for the GRI and SD mechanisms
which greatly over- and under-estimate the NO
formation in the flame front leading to predictions
spanning one order of magnitude. Although rela-
tively good agreement can be observed in specific
cases for these mechanisms with hydrocarbon fu-
els, these discrepancies suggest that the calibration
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Fig. 4. Numerical S 1 num normalized by the experimen-
tal signal intensity at z = 2.5 mm. The dashed line indi-
cates a perfect agreement between experiments and simu-
lations and the grey band represents the total experimen-
tal uncertainty.

of major formation pathways only (thermal and
prompt) would result in incorrect “optimal” reac-
tion rates for the secondary routes. The effect of
such modeling errors become more prominent as
exotic fuel blends and premixed, lean combustors
are increasingly used to reduce emissions, leading
to almost evenly distributed contributions of each
production route. Recent hierarchical mechanisms
used in this work provide a significantly better
agreement with measured profiles. The NUIG
mechanism slightly over-predicts NO formation
in lean flames, but under-predicts in richer flames.
Profiles obtained with the CRECK mechanism
exhibit good agreement with rich flames, but the
discrepancy with measurements increases in leaner
conditions, where a complex interaction between
formation routes is suspected.

The impact of the nitrogen chemistry is iso-
lated in Fig. 3(j-1) by using the same base chem-
istry of the NUIG mechanism, which showed the
best agreement with reactivity measurements, and
taking the nitrogen chemistry from the different
models studied. The discrepancy is amplified for
the modified GRI and CRECK models with an in-
creased production of NO in the flame front. These
results suggest that the tuning of reaction rate con-
stants can generate nominal mechanisms that agree
well with validation targets, but for the wrong rea-
sons. It further highlights the need for independent
experiments designed to target a minimal set of re-
actions. The current data set in low-temperature
hydrogen flames provides relevant measurements
for optimization and validation of thermochemi-
cal mechanisms, and especially the nitrogen sub-
mechanism, by focusing on small chemical subsets
at a time.

To ease comparison between all cases studied,
Fig. 4 presents the nominal numerical LIF sig-
nal intensity normalized by the experimental mea-
surements at an axial location of 2.5 mm up-
stream of the stagnation surface. The comparison
is performed sufficiently downstream of the flame
to have fully developed NO profiles, while being
outside the thermal boundary layer close to the

a) =07 %  Thema
Thermal - *\ o

L.S.
mm 0.8

HONO » HNO
4

0.4

-0.8 -0.4 0 0.4 0.8

Fig. 5. RPA shown for (a) ¢ = 0.7 and (b) ¢ = 1.5. Ar-
rows are scaled by the flux of N-atoms where only fluxes
> 1% are shown for clarity. Dashed arrows represent
fluxes entering and leaving the control volume. The red-
to-green coloring is obtained from sensitivity analyses.
The sensitivity to individual reactions in the nitrogen
chemistry is shown in (c) for ¢ =[0.7, 1.0, 1.5] by blue,
red, and yellow bars, respectively.

cooled plate. A unity ratio indicates perfect agree-
ment between simulations and experimental data.
The uncertainty expressed by the shaded gray area
includes experimental uncertainties presented in
Fig. 3 and an estimated error obtained from the
propagation of boundary condition uncertainties
in the simulations [2]. The uncertainty from bound-
ary conditions is obtained from

OSLIF num/SLIF,exp-BC = y/ Z[L.S.(x;) - o], C))

where the logarithmic sensitivity (L.S.) of the sig-
nal ratio to a change in parameter x; multiplies its
measured uncertainty o,,. The total uncertainty in
the signal ratios evaluated with Eq. (5) becomes an
estimate of all uncertainty sources, except from
modeling errors in mechanisms and LIF mod-
els. Predictions outside this area indicate modeling
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inaccuracies, making the present data set valuable
for calibration of the nitrogen chemistry.

— 2 2
O SLIF num/SLIF,exp=1 — \/OSUFVnum/SLIF_exp,BC + USLIF‘exp
(5)

As observed previously, predictions from the
GRI and SD mechanisms lie significantly outside
the uncertainty band and the best agreement is
found with the NUIG and CRECK mechanism for
lean and rich cases, respectively. Both mechanisms
exhibit a similar decreasing LIF signal intensity ra-
tio which stabilizes and remains relatively constant
in rich flames.

The NO production routes are identified with
Reaction Pathway Analyses [2] by tracking the flux
of reacting atomic nitrogen (a conserved scalar) as
reactants are transformed into products. Network
graphs are generated to visualize chemical interac-
tions and quantify the fraction of atoms entering
each NO formation pathway. Results are shown in
Fig. 5(a) and (b) for the lean and rich cases, respec-
tively, where arrow widths are scaled by the fluxes
between species and only fluxes larger than 1%
are displayed. They are produced with the NUIG
mechanism with the outlet of the control volume
located 2.5 mm from the stagnation plate, corre-
sponding to the cases presented in Fig. 4. Red-to-
green coloring is obtained from the L.S. of NO
concentration at the desired axial location to se-
quential changes in specific reaction rates by 1%
through brute-force sensitivity analysis. The L.S.
value is evaluated as the sum of the sensitivity of
all reactions involving the two species.

In the lean flame (Fig. 5a), NO is formed mostly
via the NNH route with a small contribution
through the thermal pathway which explains the
rise in signal intensities observed in the post-flame
region for this lean flame (Fig. 3). As equivalence
ratio is increased to ¢ = 1.5 (Fig. 5b), slightly lower
flame temperatures and lack of excess oxygen pre-
vent the formation of nitric oxide through the ther-
mal pathway. At atmospheric pressure and under
low flame temperature, N, O recycles to N, suggest-
ing that the N, O route does not contribute to emis-
sions and that the production of NO is solely a
function of the NNH route in the current measure-
ments.

The sensitivity analysis shows that few paths
in the RPA affect the formation of nitric oxide,
although individual reactions might have strong ef-
fects as shown in Fig. 5(c) for important reactions.
Direct conversions from NNH and N,O to nitric
oxide are favoured, as expected, but other paths in
the nitrogen chemistry remain mostly unaffected
by changes in specific reaction rates. This is the
case for the N, to N,O path as the initiation reac-
tion N,O(+M) = N, + O(+M) with positive L.S.
competes with recycling reactions with negative
L.S. where N,O reacts with H or O radicals back

to N,. The lack of sensitivity to the initiation
reaction NNH = N, + H indicates that NNH is
in quasi-steady state as defined in the nitrogen
chemistry [3,28]. The production of NO through
the NNH route becomes proportional to the equi-
librium constant of the initiation reaction and the
specific rate constant of the reaction NNH + O =
NH + NO.

4. Conclusion

This paper presents velocity, temperature, and
NO concentration measurements performed in pre-
mixed, jet-wall stagnation, hydrogen—air flames
at atmospheric pressure, diluted with argon to
maintain flame temperatures near 1800 K. One-
dimensional profiles are measured using parti-
cle tracking velocimetry and laser-induced flu-
orescence for equivalence ratios from 0.7-1.5.
Sufficiently low flame temperatures minimize the
formation of nitric oxide through the thermal path-
way, even suppressing it in rich conditions due to
the lack of excess oxygen. Resulting experimental
profiles are therefore dominated by the NNH and
N,O pathways.

Comparison with five mechanisms from the
literature shows significant discrepancies between
measurements and predictions, indicating that the
foundation for combustion chemistry still requires
further refinement. A recently updated mechanism
from NUIG provides the best overall agreement
with reference flame speed measurements across
the range of equivalence ratios while other mech-
anisms under-predict the reactivity of the mixture.
The NO formation is over- and under-predicted by
the “small” detailed mechanisms for hydrocarbon
combustion, GRI-Mech 3.0 and San Diego v2016,
but captured within experimental uncertainties for
the hierarchical NUIG and CRECK models. How-
ever, comparison of the NO profiles obtained using
a common H,/O; chemistry and different nitrogen
models shows that discrepancies in the base chem-
istry can lead to good agreement with experiments
but for different reasons.

Reaction pathway analyses performed with the
NUIG mechanism identify NNH as the domi-
nant NO production route for the low-temperature,
atmospheric-pressure cases presented. N,O recy-
cles to N, preventing the overall formation of ni-
tric oxide through the pressure-dependent route.
It highlights the importance of not only under-
standing the NNH route but also its interactions
with the N,O mechanism. Setting NNH in quasi-
steady state in the nitrogen chemistry leads to rel-
atively good agreement with experimental data,
suggesting this is an adequate description of the
physics.

The designed experiments provide an accurate
experimental data set that isolates minor formation
pathways. Accurate boundary conditions allow the
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measurements to be used as validation and calibra-
tion targets for the development of thermochemi-
cal mechanisms.
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